ABSTRACT Wolbachia infections were investigated by sequencing the wsp and ftsZ genes in a population of the endangered butterßy Zizina emelina (de lÕOrza) (formerly Zizina otis emelina) (Lepidoptera: Lycaenidae), in Toyonaka City, northern Osaka Prefecture, central Japan. Wolbachia was detected in 65, 77, and 86% of Þeld-collected adults in 2004, 2005, and 2007, respectively. Sequencing results revealed the presence of two strains of Wolbachia, wEmeTn1 and wEmeTn2, in adults of this population, although no double infection was found. Three (12.5%) of 24 Þeld-collected females infected by wEmeTn1 produced offspring with a female-biased sex ratio, whereas all females infected by wEmeTn2 produced almost all-female offspring. In contrast, no uninfected females produced female-biased offspring. Moreover, the mean egg hatchability of broods from wEmeTn2-infected females was almost half that of uninfected females. These results indicate that at least wEmeTn2 is a male-killing strain.
The butterßy Zizina emelina (de lÕOrza) (previously Zizina otis emelina) (Lepidoptera: Lycaenidae), occurs in sunny grasslands of early successional stages such as those of seashores, riverbanks, and farmland levees (Fukuda et al. 1984 , Yago et al. 2008 ). This species is listed in the Red Data List of Japan as one of the most endangered species (Threatened I) (Ministry of Environment, Japan 2006). However, Ͼ40 small habitats of this species were recently found in and around the Osaka International Airport in northern Osaka Prefecture, central Japan (Minohara et al. 2007 . Minohara et al. (2007) reported that some females collected in Toyonaka City near the airport produced no male offspring in rearing experiments.
The endosymbiont Wolbachia can affect sex ratios in several species of insects, including butterßies (Jiggins et al. 1998; Dyson et al. 2002; Hiroki et al. 2002 Hiroki et al. , 2004 . Wolbachia are known to be widely distributed among various groups of arthropods (Werren et al. 1995 , Werren. 1997 and often cause a variety of reproductive alterations, including cytoplasmic incompatibility (Hoffmann et al. 1990 , Turelli and Hoffmann 1995 , Poinsot et al. 2003 , parthenogenesis induction (Stouthamer et al. 1990, Weeks and Breeuwer 2001) , feminization of genetic males (Rigaud et al. 1991 , Hiroki et al. 2002 , Negri et al. 2008 , and male killing (Hurst et al. 1999, Fialho and Stevens 2000) .
Recently we have found Wolbachia-infected individuals of Z. emelina in Toyonaka City. Here, we report on the infection, incidence and sex ratio distortion of Wolbachia in the Toyonaka population of Z. emelina.
Materials and Methods
Sampling of Z. emelina. Male and female adults of Z. emelina were collected from Toyonaka City (34Њ 46ЈN, 135Њ 26ЈE), Osaka Prefecture, central Japan, in October (14 (, 6 & ) and November (3 (, 14 & ) 2004, June 2005 (22 & ), and October (7 (, 8 & ) and November (9 (, 12 &) 2007 . The collection site is the same as that where all-female broods were obtained by Minohara et al. (2007) . All offspring of a parent were referred to as a "brood" (see below).
Detection of Wolbachia. Total DNA was extracted from the legs of Þeld-collected adults. The legs were placed in a 1.5-ml plastic tube with 180 l of lysis buffer and proteinase K, incubated at 56ЊC for 2 h or longer, and subjected to DNA puriÞcation by using a DNeasy Tissue kit (QIAGEN, Valencia, CA). Total DNA was eluted with 50 l of elution buffer.
Polymerase chain reaction (PCR) detection of Wolbachia infection was performed by using the primers 81F (5Ј-TGGTCCAATAAGTGATGAAGAAAC-3Ј) and 691R (5Ј-AAAAATTAAACGCTACTCCA-3Ј) for the wsp gene (Braig et al. 1998 ). The cycles were as follows: an initial 30-s exposure at 94ЊC, followed by 40 cycles each at 94ЊC for 30 s, 55ЊC for 30 s, and 75ЊC for 120 s, with a Þnal extension at 72ЊC for 120 s. Some samples which showed positive for the wsp gene also were ampliÞed by using primers ftsZBf (5Ј-CCGAT-GCTCAAGCGTTAGAG-3Ј) and ftsZBr (5Ј-CCACT-TAACTCTTTCGTTTG-3Ј) for the ftsZ gene (Werren et al. 1995) . The cycles were as follows: an initial 300-s exposure at 94ЊC, followed by 45 cycles each at 94ЊC for 30 s, 60ЊC for 60 s, and 72ЊC for 120 s, with a Þnal extension at 72ЊC for 120 s. The positive PCR products were puriÞed and then sequenced with an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA).
Molecular Phylogenetic Analyses. Multiple alignments of wsp and ftsZ sequences were conducted using the program package CLUSTAL X by Thompson et al. (1997) , with previously known sequences obtained from GenBank. The sequences were chosen in Wolbachia strains infecting Lepidoptera. The Þnal alignment was inspected and corrected manually. Neighbor-joining trees (Saitou and Nei 1987) with KimuraÕs two-parameter distance model (Kimura 1980) were constructed with 1,000 bootstrapping replications using PAUP* 4.0b10 (Swofford 2002) .
Rearing Experiment. Eggs were obtained from Þeld-collected females of Z. emelina, and hatching larvae were reared into adults. Eggs, larvae, and pupae were reared individually in transparent plastic petri dishes (5 cm in diameter, 1 cm in depth). All of the larvae were reared on fresh leaves of Trifolium repens L. one of the known host plants of Z. emelina (Minohara et al. 2007 ) until second instar, and on an artiÞcial diet from third to last (fourth) instar. For the artiÞcial diet, dried leaf powder of T. repens was mixed with the powder of a ready-made diet material, Insecta F-II (Nihon-Nosan-Kogyo Co., Tsukuba, Japan), by using 30% dry weight of T. repens. Sex was determined by observing external morphology after emergence. All rearing was carried out at 20 Ð30ЊC and a photoperiod of photoperiod of 16:8 (L:D) h in a controlled laboratory of the Osaka Prefecture University.
Statistical Analyses. Differences in infection rates were analyzed by FisherÕs exact probability tests with R 2.8.1 software (R Development Core Team, http:// www.r-project.org/). The hatchabilities and female rates were tested with MannÐWhitney U tests with SPSS version 15.0 for Windows (SPSS Inc., Chicago, IL).
Results

Detection of Wolbachia and Identification of Its
Strain. Wolbachia was detected from 24 (65%), 17 (77%), and 31 (86%) of Þeld-collected Z. emelina adults in 2004, 2005, and 2007 , respectively. Sequencing results of both wsp and ftsZ genes showed the presence of two strains of Wolbachia, wEmeTn1 and wEmeTn2 ( Figs. 1 and 2) . Lengths of the fragments of wEmeTn1 and wEmeTn2 in the wsp gene, excluding primer sequences, were 555 and 558 nucleotides, respectively (DNA Data Bank of Japan [DDBJ]/European Molecular Biology Laboratory [EMBL]/GenBank nucleotide sequence databases with the accessions AB512756 and AB512757). In the ftsZ gene, Ϸ1,000 nucleotides of PCR products were sequenced, derived from eight female adults (S2, 3, 6, 7, 13, 17, 25 , and T25; Supp. Table S1 [online only]). Ambiguously aligned regions were excluded from the phylogenetic analysis, leaving 911 nucleotides (DDBJ/EMBL/GenBank nucleotide sequence databases with the accessions AB512758 and AB512759). There were 91 (16%) and 14 (2%) nucleotide differences between the two strains in the wsp and ftsZ sequences, respectively.
The infection rates for wEmeTn1 were 57, 41, and 78% in Z. emelina adults collected in 2004, 2005, and 2007 , respectively, and those for wEmeTn2 were 8, 36, and 8%, respectively (Table 1) . No male was infected by wEmeTn2, and no double infection was found in any of the adults examined. A signiÞcant difference was observed in the infection rate of Wolbachia strains between males and females (P Ͻ 0.05; FisherÕs exact test). Infection rates did not differ signiÞcantly between years in either males or females (P Ͼ 0.05; FisherÕs exact tests for male in 2 yr and female in 3 yr).
Offspring Sex Ratio. All of the 12 wEmeTn2-infected females, excepting one individual (S123), produced all-female offspring, whereas no uninfected females produced female-biased offspring (Supp . Table  S1 [online only]). Three (S7, S32, and S112) of the 24 females infected with wEmeTn1 produced offspring with signiÞcantly female-biased sex ratios (P Ͻ 0.05; binomial test). Hatchabilities for broods from the three females were not signiÞcantly different to those of broods from the other wEmeTn1-infected females (P Ͼ 0.05; MannÐWhitney U test). The mean proportion of egg hatchability for broods from eight wEmeTn2-infected females was 0.48, whereas hatchabilities of broods from wEmeTn1-infected and uninfected females were 0.88 and 0.82, respectively ( Table  2 ). The hatchability and female rate of offspring of broods from wEmeTn2-infected females were significantly different from those of broods from the other females (P Ͻ 0.01; MannÐWhitney U test) ( Table 2 ).
Discussion
In this study, two strains of Wolbachia were found from Z. emelina adults in the Toyonaka population. According to past studies of molecular phylogenetic analyses, the majority of Wolbachia found in arthropods belong to two supergroups, A and B (Werren et al. 1995 , van Meer et al. 1999 , Vandekerckhove et al. 1999 , although Casiraghi et al. (2005) recently classiÞed Wolbachia species into eight supergroups (AÐH) based on 16S ribosomal DNA sequences and other sequence information. The present analyses of wsp and ftsZ sequences revealed that the two Wolbachia strains in the Toyonaka population of Z. emelina are of the supergroup B. The wsp sequence of wEmeTn2 in Z. emelina was identical to those in other butterßies examined [Jiggins et al. 1998 for Acraea encedon (L.); Dyson et al., 2002 for Hypolimnas bolina (L.); Hiroki et al. 2002 Hiroki et al. , 2004 for Eurema hecabe (L.)] (Fig. 1) , whereas the ftsZ sequence differed from them by Ͼ0.5% (Fig. 2) . A multilocus sequence typing scheme (Baldo et al. 2006) will show a clear phylogeny.
The results of this study demonstrate that strain wEmeTn2 is strongly associated with the all-female production and reduction in egg hatchability in broods of wEmeTn2-infected females in the Toyonaka population of Z. emelina. Considering that egg hatchability in broods from infected females was approximately half of that in broods from uninfected females, Wolbachia strain wEmeTn2 is responsible for the death of eggs producing the males. There was a single male in brood S123, although all the other 41 siblings were female. It is probable that female S123 failed to transmit Wolbachia to the egg producing the male. However, some Z. emelina females infected with Wolbachia wEmeTn1 produced female-biased offspring in this study. Nevertheless, the effects of wEmeTn1 infection remain unclear because hatchability was not signiÞcantly different to the broods of wEmeTn1-infected females.
In this study, there was a high incidence of Wolbachia infection in the Toyonaka population of Z. emelina. This fact indicates the efÞcient transmission of and reproductive manipulation by Wolbachia. The dynamics of "early male killing," or killing of male offspring during embryogenesis, depends on factors related to the advantage of the infected female. For instance, the host ecology of sib cannibalism favors the evolution of early male killing by means of creating antagonistic interactions between siblings (Hurst et al. 1997) . Another factor that enhances the dynamics of early male killing is that it provides a beneÞt to female siblings by preventing inbreeding depression (Hurst and Majerus 1993) . It is likely that the prevention of inbreeding would be advantageous for females infected by male-killing Wolbachia in the Toyonaka population of Z. emelina.
Sex ratio distortion due to Wolbachia infection in Z. emelina has been reported for other butterßy species, including A. encedon (Jiggins et al. 1998) , H. bolina (Dyson et al. 2002) , and E. hecabe (Hiroki et al. 2002 (Hiroki et al. , 2004 . However, our Þndings in the Toyonaka population of Z. emelina are still informative for understanding the dynamics of a hostÐsymbiont interaction: one symbiont strain induces male killing, whereas the other shows incomplete manipulation. The infection with two strains of Wolbachia may have some effect on the genetic structure in Z. emelina. Thus, our report is a step toward understanding the cause of high densities of Z. emelina in and around the Osaka International Airport from the viewpoint of the genetic effects by infection with Wolbachia.
